Understanding of the genetic influences on obesity has increased at a tremendous rate in recent years. By some estimates, 40 to 70 percent of the variation in obesity-related phenotypes in humans is heritable. Although several single-gene mutations have been shown to cause obesity in animal models, the situation in humans is considerably more complex. The most common forms of human obesity arise from the interactions of multiple genes, environmental factors, and behavior, and this complex etiology makes the search for obesity genes especially challenging. This article discusses the strategies currently being used to search for human obesity genes and recent promising results from these efforts.
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One of the greatest challenges in biomedical research today is the elucidation of the underlying genetic architecture of complex phenotypes such as obesity. At first glance, body weight seems exceptionally simple. It can be defined precisely and measured with great accuracy and reliability. However, recent research on obesity has revealed that body weight is in fact a truly complex phenotype. As an amalgamation of literally everything we are physically, body weight is influenced by any factor that influences the weight of any individual tissue, organ, or fluid. Indeed, obesity may represent the archetype of the so-called "complex phenotypes." In contrast to simple Mendelian disorders, in which there is generally a one-toone relationship between genotype at a single locus and the presence or absence of the disorder, obesity arises as a result of numerous behavioral, environmental, and genetic factors. The role of behavior and environment in the development of obesity is described elsewhere in this issue (1) . Here, we discuss our current understanding of the genetics of human obesity, with an emphasis on some of the special challenges this complex condition poses to would-be gene finders.
Genetic Approaches to Human Obesity
Although there is longstanding evidence that genetics plays an important role in the body weight of livestock and laboratory rodents, an appreciation of the genetic contribution to human obesity is a relatively recent development. Twin, adoption, and family studies have now established that an individual's risk of obesity is increased when he or she has relatives who are obese (2) . Other studies have shown consistently that ϳ40 to 70% of the variation in obesity-related phenotypes, such as body mass index (BMI), sum of skinfold thickness, fat mass, and leptin levels, is heritable (3) . Finally, numerous segregation analyses (studies evaluating the evidence and mode of transmission for a major gene based on observed patterns of phenotypic inheritance among related individuals) have provided evidence that among the genes that influence these obesity-related phenotypes, at least a few exert relatively large effects. In fact, anonymous major genes accounting for as much as 40% of the variation in BMI (4) and ϳ40% of the variation in fat mass (5) have been reported, along with major genes influencing specific measures of adipose tissue distribution (6) . Importantly, some of these genes appear to exert their effects across various ethnic populations. While there will undoubtedly be rare obesity-predisposing alleles whose phenotypic effect is restricted to isolated populations or even families, the possible existence of at least a few common alleles with measurable effects on obesity has particularly important public health implications. It is these genes that may reveal new avenues for treatment and allow identification of at-risk individuals for the largest portion of the population. Emphasis has shifted from the question of whether human obesity has a genetic component to which specific genes are responsible. Studies of animal models (7) have identified several genes with measurable effects on body weight and composition, supporting the concept that such genes exist. A key point of debate in the search for these genes is the optimal sampling strategy, both in terms of the unit of study (for example, sibling pairs versus extended families) and in the mode of ascertainment (for example, affected individuals versus randomly selected probands). Four sampling procedures are being used:
(i) Random or haphazard sampling, in which individuals are selected without regard to their phenotype or family structure. This method has the advantages of representativeness and convenience but offers low statistical power.
(ii) Sampling of large sibships or pedigrees. This method also allows analysis of individuals who are phenotypically representative of the population but offers higher statistical power than random sampling. Al- though the most common unit of study has been that of sibling pairs, in large part due to the relative simplicity involved in collection and analysis, there is evidence that larger sibships and pedigrees can offer substantial power advantages (8) . Thus, in recent studies, more elaborate family structures are being used as the sampling unit (9, 10) .
(iii) Sampling of phenotypically extreme (very obese or very thin) individuals. This method increases statistical power and has been widely advocated (11) , but it remains controversial (12) . Loci best identified by this sampling method are predicted to have obesity-predisposing alleles that are rare, recessive in action, and capable of conferring massive obesity or extreme thinness in an individual (13), but may still have a rather modest effect at the population level.
(iv) Sampling of special populations that are geographically or culturally isolated and descended from a relatively small founder population. This method is advantageous because such populations are thought to exhibit greater homogeneity and linkage disequilibrium, both of which can increase statistical power. Populations currently under study for these reasons include Pima Indians, Old Order Amish, Mennonites, and inhabitants of the Island of Kosrae, all of whom have high rates of obesity. Other populations being evaluated largely because of availability, the desire to study multiple ethnic groups, and, in some cases, high rates of obesity, include African Americans, Mexican Americans, European Americans, French Canadians, rural Chinese, and several European populations.
A second key point of debate among obesity geneticists is the optimal obesity phenotype for genetic research. Some investigators favor the use of BMI, which can be measured reliably and inexpensively and is convenient for large sample numbers. Others favor the use of intermediary phenotypes such as resting metabolic rate, respiratory quotient, or insulin sensitivity because they are less likely than BMI to be influenced by extrinsic factors unrelated to obesity and may therefore provide more statistical power. In many cases, an intermediary position, in which one measures multiple phenotypes that characterize obesity-such as weight, total fat mass, and visceral adipose tissue areamay be preferable. Like BMI, these phenotypes can be measured reliably and in some cases (such as bio-impedance analysis of total fat mass) inexpensively, thereby allowing evaluation of large sample numbers.
Candidate Gene Approach. Until recently, the analysis of candidate genes (known genes identified a priori on the basis of their effects in animal models or suspected physiological involvement in a particular disorder) was the primary strategy used in the search for potential obesity genes. There are now scores of such candidate genes described in the literature [reviewed in (14) ], some with an obvious link to the obesity phenotype (see Table 1 for a selected list) and others whose postulated mechanism of action in obesity is more speculative. Many candidate genes have been identified as a result of the agricultural community's intense interest in breeding livestock (pigs, cows, sheep) that grow large but lean on the smallest amount of feed possible (7). The growing number of rodent obesity models has also provided many new candidate genes. Traditionally, statistical support for linkage has been presented in the form of a LOD score (logarithm of the likelihood ratio for linkage). A LOD score of 3, taken as strong evidence of linkage and corresponding to a P value of 0.0001, is a condition in which the hypothesis of linkage is 1000 times more likely than the alternative of no linkage. To date, most linkage studies of candidate genes for human obesity have failed to reach this level of significance, although a few studies offer suggestive evidence of linkage (LOD score Ͼ2) (14) . The low LOD scores in these studies could reflect the fact that some of the candidate genes initially identified in animal models of obesity may play a less important role in human obesity. Alternatively, they may simply reflect the small sample size, and therefore the low statistical power, of many human studies.
Despite these problems, the candidate gene approach has yielded intriguing insights into the genetics of human obesity. A study of Mexican Americans revealed a significant multipoint linkage (LOD score ϭ 3.1) for sum of extremity skinfolds and D7S514, an anonymous marker near the leptin gene (LEP) on chromosome 7q31.3. This marker accounts for ϳ55% of the variation in this trait (15) . In an analysis of French Canadian families, four phenotypes were examined using three markers spanning a 5-centiMorgan (cM) region around the gene for uncoupling protein 2 (UCP2) on chromosome 11 (9) . The uncoupling proteins have been implicated in obesity because they appear to increase thermogenesis and energy expenditure (9, 16) . Based on a two-point linkage analysis, the authors reported a P value of 0.000002 (this represents a LOD score equivalent of 4.6) between one of these markers (D11S911) and resting energy expenditure.
Thus far, a total of nine humans have been reported to carry mutations in homologs of three rodent obesity genes, LEP (encoding leptin), LEPR (encoding the leptin receptor), and FAT (encoding car- (29) . Abbreviations: ASIP, agouti signaling protein; CPE, carboxypeptidase E; LEP, leptin; LEPR, leptin receptor; TUB, tubby; UCP, uncoupling protein; MCR, melanocortin receptor; POMC, pro-opiomelanocortin; NPYR, neuropeptide Y receptor; MSTN, myostatin (also called growth differentiation factor 8); CCKAR, cholecystokinin A receptor; TNFA, tumor necrosis factor ␣; PPAR-␥, peroxisome proliferator activated receptor-␥; ADRB3, beta-3-adrenergic receptor.
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www.sciencemag.org ⅐ SCIENCE ⅐ VOL. 280 ⅐ 29 MAY 1998 boxypeptidase E) (17) . Although such mutations are rare (given the thousands of individuals screened, the frequency of individuals homozygous for such mutations is likely to be Ͻ Ͻ10 Ϫ3 ), suggesting that they are not responsible for the most common forms of obesity in the population, these results confirm that these gene products play a role in human obesity and may allow further elucidation of their signal transduction pathways. Finally, several groups have searched for linkage between obesity-related phenotypes and the chromosomal region encompassing LEP; a recent meta-analysis suggests that there may be linkage with BMI (18) .
Genome Scanning Approach. In a genome scan, linkage analysis is conducted using a series of anonymous polymorphisms, spaced at relatively constant intervals over the entire genome [for example, ϳ350 to 370 markers with an average spacing of 10 cM] to identify quantitative trait loci (QTLs) affecting the phenotype under study. In contrast to the traditional candidate gene approach, with genome scanning there are no a priori assumptions about the potential importance of specific genes or chromosomal regions. Instead, the results of the scan are used to identify candidate chromosomal regions, or in some cases positional candidate genes, which then become the focus of more intensive follow-up analyses. A positional candidate gene differs from a traditional candidate gene in that it is only considered a candidate after the establishment of its proximity to a QTL identified in the genome scan. Thus, this approach offers the potential of identifying genes previously unsuspected of having an influence on the phenotype of interest. Genome scans are complicated by the fact that instead of a single test for linkage, one must conduct multiple tests across the entire genome. In light of this, it has been proposed that a LOD score Ն3.3 can be taken as strong evidence of linkage and a LOD score Ն1.9 but Ͻ3.3 as evidence suggestive of linkage (19) .
To date, the results of two genome scans for obesity-related phenotypes have been reported, one in Mexican Americans (10) , and the other in Pima Indians (20) . In the latter study, a genome scan for percent body fat (%BF) was conducted using an ϳ10 cM map for 283 sibling pairs from 88 nuclear families. In two-point linkage analysis, two genomic regions were detected that showed suggestive evidence of linkage (LOD score ϭ 2.0) to %BF, one at chromosome 3p24.2-p22 and the other at chromosome 11q21-q22 (20) . In a subsequent multipoint analysis the chromosome 11 LOD score was increased to 2.8, and it may improve as the size and complexity of the sample increases. Thus far, no obvious candidate genes have been mapped to either chromosomal region.
In the second study, 10 families of Mexican Americans (representing 459 individuals and comprising 5667 relative pairs ranging from parent-offspring to double second cousins) were evaluated for several obesity-related phenotypes in a 20-cM genomic scan (10). Significant linkages were detected for QTLs on chromosome 2 (ϳ74 cM from the tip of the short arm) and chromosome 8 (ϳ65 cM from the tip of the short arm) and leptin levels (LOD scores ϭ 4.3 and 2.2, respectively). A significant linkage was also detected between fat mass (FM) and the chromosome 2 QTL (LOD score ϭ 1.9). Multipoint analysis of the leptin linkages increased the LOD score to 4.95 for the QTL on chromosome 2 and 2.2 for the chromosome 8 QTL. Multipoint analysis of the FM linkage on chromosome 2 increased this LOD score to 2.75. These analyses were conducted using a variance component approach, which not only allows gene localization but also provides an estimate of the magnitude of the gene's effect on the phenotype (21) . In the case of the chromosome 2 linkages, the QTL was estimated to account for 47% of the variation in serum leptin levels and 32% of the variation in FM.
The areas of linkage on chromosomes 2 and 8 each contain strong positional candidate genes for obesity. For example, 6, 76 (1998) . †Detailed reference information is in (29) . Most results were obtained with the single point sib-pair method. Abbreviations: ACP1, acid phosphatase; SUR, sulfonylurea receptor; MCR, melanocortin receptor; GRL, glucocorticoid receptor; BF, properdin factor B; TNFir24, dinucleotide repeat marker locus near the tumor necrosis factor ␣ gene; GLO1, glyoxylase I; LEP, leptin; KEL, Kell blood group; ESD, esterase D; ADA, adenosine deaminase; P1, P blood group; BMI, body mass index. the chromosome 2 region encompasses POMC, which codes for the prohormone pro-opiomelanocortin. This hormone is the precursor of several hormones in the hypothalamic-pituitary axis (among them, melanocyte-stimulating hormones and adrenocorticotropic hormone) that have long been suspected of playing a role in obesity (22) . POMC was originally identified as a candidate gene on the basis of its location (10) , and its gene product has recently been implicated in appetite regulation (23) . A search is now being conducted for polymorphisms in POMC that might be associated with variation in leptin levels or other obesity-related phenotypes. The region of linkage on chromosome 8 encompasses ADRB3, the gene for the ␤-3-adrenergic receptor, which was previously identified as a candidate because of its role in the regulation of energy expenditure. Although the cumulative evidence of linkage between the well-known tryptophan to arginine mutation (Trp64Arg) in ADRB3 and BMI is weak (24) , the argument that ADRB3 is a human obesity gene has been strengthened by follow-up analyses of Mexican Americans (25) ; these analyses have revealed an association between ADRB3 variants and BMI, FM, and waist circumference after first conditioning on the stronger QTL signal on chromosome 2. Table 2 presents a selected list of genes and markers that have been linked to obesity phenotypes [for more information, see (14) ].
Future Prospects
Research into the genetics of human obesity is continuing at a rapid pace (26) , with the goal now increasingly focused on the identification of specific causative genes. There are at least three genome scanning efforts underway that have obesity phenotypes as a primary focus (the San Antonio Family Heart Study, the San Antonio Family Diabetes Study, and the Pima Indian Study) and at least three others that should be operational shortly (the MRC-Obesity Genes Project, a study of French Canadians, and a study of nonhuman primates). Other ongoing genome scans, in which obesity phenotypes are involved but not the primary focus (for example, the Strong Heart Study and the Amish Family Diabetes Study), should also aid in the discovery of human obesity genes.
Although early results from the genome scan in Mexican Americans suggests the existence of a few genes with substantial effects on obesity, the large number of genetic loci likely to be involved means that many of these genes on their own may account for only a small portion of the total phenotypic variance. The power to map genes that exert a truly small effect will likely remain unacceptably low given the sample sizes that any single investigator can realistically collect (27) . One solution is to pool data across many laboratories and investigators. The simplest way to do this is through metaanalysis (24) , although such pooling of summary statistics has several wellrecognized limitations (28) . Pooling of raw data from multiple studies may be a stronger approach because it should increase statistical power. This strategy is now being applied in genetic studies of other complex disorders such as type-II diabetes and autism. Thus, our ability to fully understand the genetic contribution to obesity may ultimately depend on the extent to which we can overcome the practical and social barriers to collaborative gene finding efforts in an intensely competitive arena.
